Abstract The feasibility of using gold electrodes modified with short-chain ssDNA oligonucleotides for determination of uranyl cation is examined. Interaction between UO 2 2+ and proposed recognition layer was studied by means of voltammetric and quartz crystal microbalance measurements. It was postulated that ssDNA recognition layer functions via strong binding of UO 2 2+ to phosphate DNA backbone. The methylene blue was used as a redox marker for analytical signal generation. Biosensor response was based on the difference in electrochemical signal before and after subjecting it to sample containing uranyl ion. The lower detection limit of 30 nmol L −1 for UO 2 2+ was observed for a sample incubation time of 60 min. Proposed ssDNA-modified electrodes demonstrated good selectivity towards UO 2 2+ against common metal cations, with only Pb 2+ and Ca 2+ showing considerable interfering effect.
Introduction
Uranium and its compounds are used as nuclear power plants fuel, for the production of tanks armor and armorpiercing ammunition, for staining of ceramic products, as well as for electron microscopy investigations of biological samples [1] . All of these applications can possibly be hazardous to human health or environment. That is why rapid and accurate methods allowing for detection of trace levels of uranyl ion in environmental, geochemical or clinical samples are indispensable.
Uranium occurs mainly in two valence states, U 4+ and U
6+
, with the latter forming water-soluble uranyl ion (UO 2 2+ ) compounds. The uranium species in aqueous samples were determined using a variety of physical and chemical techniques, with radiospectrometry [2] , inductively coupled plasma mass spectrometry [3] and complexometric titration [4] being the most popular. However, all of these techniques require utilization of costly and complicated apparatus. On the other hand, electroanalytical techniques are very useful due to their operation simplicity, low utilization costs, and the possibility of achieving extremely low detection limits.
The most commonly used electrochemical method for determination of uranyl ion at low levels is adsorptive stripping voltammetry [5] [6] [7] . The preconcentration and subsequent analysis allows obtaining detection limit of 2·10 −8 mol L −1 [5] . To further improve the selectivity and the lower detection limit, a range of complexing reagents was introduced. These ligands form complexes with uranyl cation with increased adherence to the electrode surface. Some of the compounds used for this purpose are: 2-thenoyltrifluoroacetone-tributylphosphine oxide (detection limit, 10 −10 mol L −1 ) [4] , cupferron (detection limit,
) [8] , or 2,6-pyridinedicarboxylic acid (detection limit, 0.27·10
It has also been shown that uranyl cation has a strong affinity to phosphate residues [10] . This mechanism was used in various electrochemical sensors for uranyl ion determination with voltammetric or potentiometric transduction. In the case of voltammetric sensors, the recognition layer is deposited on the electrode. Some of the compounds used for such modification are as follows: 2-mercaptoethanol/POCl 3 , cysteamine/2-aminoethyl dihydrogen phosphate, or (t-butylphenyl)-N,N-di-(isobutyl) carbamoylmethylphosphineoxide [11] [12] [13] . The uranyl ion detection limit for the last of abovementioned sensors is at parts per million level. Nevertheless, the analytical procedure in this case was very complicated. The same interaction was also used for the development of potentiometric sensors. PVC membranes containing bis{di [4-(1,1,3,3- [14] . It should be also mentioned that UO 2
2+
phosphate interaction was utilized for detection of phosphate ions using electrodes with polymeric membranes containing various uranyl salophene complexes as ionophores [15] .
Since the early 1990s, nucleic acids were employed in detection of different chemical compounds [16, 17] . This is possible due to discovery of catalytic and regulatory activities of nucleic acids, which opened completely new fields of their applications. These nucleic acid molecules are called functional nucleic acids-a term that covers DNA and RNA sequences which can act as enzymes, recognition elements, or molecular switches. Ribozymes, microRNAs, or riboswitches are naturally occurring functional RNA oligonucleotides. Nevertheless, there is also a broad range of artificial oligonucleotides representing similar properties. Depending on their acting mechanism, they are called aptamers, deoxyribozymes (DNAzymes), or allosteric nucleic acid enzymes. Such receptors were used for a detection of whole cells (e.g., Escherichia coli), small and large peptides (e.g., thrombin and IgE) as well as different organic and inorganic compounds (e.g., adenosine, cocaine, AMP, neomycin, K + , UO 2 2+ , and Hg 2+ ). Electrochemical and optical measurements are the most common detection techniques utilized in combination with abovementioned receptor molecules [18] .
In recent years, assays dedicated to uranyl ion detection employing DNAzymes were developed [19, 20] . The reported detection limit (1 nmol L −1 ) was below the uranium ion concentration level in marine waters. Moreover, the detection range was 1-700 nmol L −1 (in the case of label-free sensor) or 50 nmol L −1 -2 μmol L −1 (for labeled sensor). Nevertheless, as the mechanism of the detection is based on the cleavage of oligonucleotide strand and subsequent disassembly of AuNP aggregates at certain temperature, the whole system is sensitive to temperature and ionic strength changes. Additionally, the results also can be influenced by the changes in liquid turbidity [20] .
Herein, we report that recognition layer of short DNA oligonucleotides, formed on gold electrode, can be useful for electrochemical uranyl ion detection. Uranyl cation interacts with phosphate DNA backbone, changing the electrostatic balance at the electrode surface [21] . These changes can be directly quantified with the use of redox marker. It is shown that this approach allows for the determination of uranyl ion at the trace level.
Experimental

Apparatus
Electrochemical measurements were conducted with a CHI 660A electrochemical workstation (CH Instruments, USA). Voltammetric experiments were carried out with a threeelectrode system consisting of gold disk working electrode (CH Instruments, USA), a gold wire auxiliary electrode and an Ag/AgCl/1.0 mol L −1 KCl reference electrode (Mineral, Poland). All potentials are reported versus Ag/AgCl reference electrode at room temperature. To restore the gold electrode surface, the electrode polishing kit with alumina powder of different grain sizes was used. The electrochemical solutions were deoxygenated with argon for approximately 15 min prior to data acquisition and were blanketed under an argon atmosphere during the entire experimental period. If not stated otherwise, the cyclic voltammetry (CV) was conducted at a sweep rate of 100 mV s −1 while the square wave voltammetry was conducted at a pulse amplitude of 50 mV, increment of 1 mV, and a frequency of 10 Hz. The quartz crystal microbalance with energy dissipation (QCM-D) measurements were conducted with Q-Sense E4 instrument and the AT-cut quartz crystal with a fundamental resonant frequency of 4.95 MHz and crystal constant of 17.7 ng/cm 2 Hz −1 (Q-Sense, Sweden). The effective area of gold sensor exposed to solution is 0.78 cm 2 with a roughness of less than 3 nm. Such an assay allows to measure the change in frequency and energy dissipation which, with the use of a Voigt-based representation, can be converted into the mass deposited on the gold surface.
For capillary electrophoresis experiments, system with ultraviolet-visible (UV-Vis) detector (Prince Technologies, the Netherlands) and a fused-silica capillary (50 μm (i.d.), 375 μm (o.d.), x cm long, y cm effective length, x/y=82/65; Composite Metal, England) was applied. Prior to the daily use, the capillary was pretreated by flushing sequentially for 15 min with 0.1 mol L −1 NaOH, 5 min with water, and 5 min with run buffer. The capillary was also rinsed with 0.1 mol L −1 NaOH (5 min), water (3 min), and buffer 
Methods
The interactions between oligonucleotides and uranyl cation were investigated electrochemically and with the use of QCM-D. Before any voltammetric experiments, the gold electrode was polished successively with alumina powder of grain sizes from 1 to 0.05 μm. Then the electrode was washed with water and sonicated for 15 min in demineralized water. Next, the piranha solution was dropped on the working gold disk electrode and incubated for 30 s. After removing this solution, the electrode was again washed with demineralized water. The last step of electrode preparation was its voltammetric cycling in 50 mmol L −1 Tris-HCl solution (pH 3.0), until the CV characteristic for a clean gold was obtained.
The DNA recognition monolayer was prepared as described in [22] . Briefly, after the electrode cleaning, the 4 μmol L −1 solution of thiolated ssDNA in 1 mol L All QCM-D experiments dealing with immobilization and interactions of DNA with uranyl acetate were conducted using the same buffer solutions as in the case of electrochemical assays. Nevertheless, to clean the gold transducers applied in gravimetric experiments, the QCM sensors were subjected to base piranha solution treatment at 70°C for 15 min. The sensor was washed with abundant amount of water, absolute ethanol, and then dried under argon atmosphere before placing in flow cell of QCM-D instrument, where the ssDNA immobilization process as well as subsequent experiments was carried out. The medium flow was set at 0.2 mL min −1 [23] .
Results and discussion
Preliminary experiments
In all experiments conducted in this study, a random 20-base probe sequence was used. No significant effects of DNA sequence are expected, as UO 2 2+ cation interacts with DNA strand via phosphate groups, identical for all DNA bases.
To evaluate the existence of DNA-uranyl cation interactions, the QCM-D measurements were performed. After the gold transducer cleaning, it was placed in quartz crystal microbalance chamber and the analysis was started. At first (step 1, Fig. 1 ), the immobilization buffer was passed through the chamber until the baseline frequency was constant. Then (step 2, Fig. 1 to different medium composition [24] . Nevertheless, constant frequency decrease indicates the mass deposition at the transducer surface. This originates from the interactions of uranyl ions with phosphate moieties in DNA strand. In the last step of QCM measurements, the immobilization buffer was passed through the apparatus chamber (step 7, Fig. 1 ). The change of frequency, caused by the uranyl cation deposited at the transducer modified with oligonucleotide monolayer, is indicated by delta sign in Fig. 1 . Another important issue that had to be addressed before the construction of DNA-based uranyl sensor was the stability of receptor layer in the presence of UO 2 2+ . It was reported that in a presence of reductive compounds (e.g., ascorbic acid), uranyl ion can lead to DNA degradation [25] . Although the abovementioned phenomena was reported for double-stranded long deoxyribonucleic acids, it is crucial to investigate the possibility of similar phenomenon in the case of single-stranded 20-mer oligonucleotide which will be used as receptor layer in this work. Based on the results shown in Fig. 1 , cleaving effect is not evident, although these observations are not conclusive. To further explore this problem, capillary electrophoresis investigations were carried out [26] . As it can be seen in 
Electrochemical investigations
First, electrochemical measurements were conducted without any external redox marker, relaying on the redox properties of UO 2 2+ ion. However, these experiments were not successful, as current signal, registered for ssDNAmodified electrode in uranyl acetate solution, was about five times lower, as compared with unmodified Au electrode (data not shown). It seems that the electron and mass transfer is limited by ssDNA immobilized at the electrode surface.
For further investigations, a well described DNA redox label, methylene blue, was employed (it was not introduced in preliminary QCM experiments due to its low mass and resulting small frequency changes). The postulated mechanism of analytical signal generation is as follows: after subjection of DNA-modified gold electrode to uranyl acetate solution, the total negative charge of receptor layer decreases due to complexation of UO 2 2+ with DNA backbone phosphate groups. This weakens the interaction of cationic methylene blue with DNA receptor layer. As a consequence, methylene blue molecules are replaced by UO 2 2+ ion, allowing electrochemical determination of uranyl cation. Indeed, comparison of curves (II) and (III) in Fig. 3a reveals a dramatic drop in the measured current. Analogous voltammograms for bare gold electrode show almost identical current values registered for methylene blue solution with or without the presence of uranyl cation (Fig. 3b) . Based on these results, it is evident that ssDNA immobilized on the electrode interacts with UO 2
2+
. Significant change of analytical signal after the contact of receptor layer with analyte cation, encouraged us to utilize this mechanism for quantitative uranyl cation determination.
Further experiments were carried out in order to investigate the analytical parameters of proposed biosensors. As the proposed mechanism is based at the uranyl preconcentration at the electrode surface, the incubation time of 60 min was chosen. This was intended to saturate the oligonucleotide strands with analyte cation, namely UO 2 2+ . To prepare the calibration curve, the difference in current peak surface for methylene blue before and after the contact of the proposed sensor with sample solutions was plotted against uranyl ion concentration.
As shown in Fig. 4a [20]
Electrochemical biosensor 6 Good 5⋅10
This work linear calibration range. This fact can be attributed to the saturation of ssDNA recognition layer with uranyl cations, which can be achieved even at very low UO 2 2+ concentration during long incubation time.
Despite very useful analytical parameters obtained for proposed sensors, long analysis time (60 min) is inconvenient for everyday analytical practice. Accordingly, the next set of measurements was conducted with the 5-min incubation time. The linear response was recorded in the range of 0.05 to 1.0 μmol L −1 uranyl ion concentration, with relatively low slope (0.416) and moderate correlation (R 2 =0.9873; Fig. 4b ). In the case of higher UO 2 2+ concentration, the calibration curve flattens while for lower concentrations, observed signal decrease is very small and unreliable. Obtained LDL, higher than in the case of 60-min incubation time, is still well below the maximum drinking water UO 2 2+ contamination level defined by the US EPA (130 nmol L −1 ) [27] . It can be concluded that the possibility of adjusting the analytical parameters of proposed sensors to predicted UO 2 2+ concentration, by changing the sample incubation time, can be very useful for future applications.
The possibility of regeneration of developed biosensors was also tested. However, due to strong interaction between uranyl ion and phosphate moieties of ssDNA, it was not possible to wash out UO 2 2+ cation from the receptor layer. Accordingly, new ssDNA monolayer has to be prepared before each analysis. However, there is a possibility to precipitate uranyl ion (e.g., with ferrocyanide anion [28] ) for regeneration of the receptor layer. This work is currently in progress in our laboratory.
The selectivity of proposed biosensor was examined for incubation time of 5 min, at the concentration of 0.4 μmol L −1 for all cations tested. The effect of chosen interfering ions on electrochemical methylene blue signal is shown in Fig. 5 . Only for Pb 2+ and Ca 2+ cations more significant response was observed, although still over twice lower than for UO 2
. The statistical analysis of these results was conducted. Test of statistical significance of the differences of mean responses (t test) was performed for each cation in comparison to uranyl ion. Analysis of each sample was repeated four times (n=4). In each instance, the mean and the standard deviation were calculated and the subsequent computation was performed to achieve experimental values of t statistics. There is a possibility that selectivity could be further increased after optimization of immobilized oligonucleotide length, as well as the density of probes on the transducer. Nevertheless, the presented sensor allows for uranyl ion determination in samples without abovementioned interferents.
Conclusions
It has been shown herein that gold electrodes modified with short-chain ssDNA oligonucleotides can be used for tracelevel voltammetric determination of uranyl cation. According to our knowledge, this is the first report on the use of DNA-modified biosensor for UO 2 2+ analysis. The proposed ssDNA recognition layer functions via the strong interaction between phosphate DNA backbone and UO 2 2+ ion. It was found that the usage of redox properties of uranyl cation for generation of analytical signal is impractical; accordingly, external redox marker, namely methylene blue, was employed for electrochemical measurements. Due to the competition between UO 2 2+ and methylene blue, current signal decreases proportionally to the analyte concentration.
Proposed ssDNA-modified electrodes showed good selectivity towards UO 2 2+ , against some common metal cations. Only Pb 2+ and Ca 2+ cations showed considerable interfering effect, although the response towards UO 2 2+ was still over twice higher.
The remarkably low detection limit of 30 nmol L in sample solution is of special importance. Obtained results, while still preliminary, are very promising in the comparison with other UO 2 2+ sensors, as shown in Table 1 . To further improve the working parameters of proposed biosensors, including the elimination of interfering effect from certain cations, efforts are currently in progress to optimize the length and packing density of oligonucleotides used for electrode modification. Moreover, the use of impedance spectroscopy and redox markers other than methylene blue for generation of the analytical signal is also planned.
